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APS reductase from Pseudomonas aeruginosa has been shown to form a disulfide-linked adduct with mono-cysteine variants of Escherichia
coli thioredoxin and Chlamydomonas reinhardtii thioredoxin h1. These adducts presumably represent trapped versions of the intermediates
formed during the catalytic cycle of this thioredoxin-dependent enzyme. The oxidation–reduction midpoint potential of the disulfide bond in the
P. aeruginosa APS reductase/C. reinhardtii thioredoxin h1 adduct is 280 mV. Site-directed mutagenesis and mass spectrometry have identified
Cys256 as the P. aeruginosa APS reductase residue that forms a disulfide bond with Cys36 of C. reinhardtii TRX h1 and Cys32 of E. coli
thioredoxin in these adducts. Spectral perturbation measurements indicate that P. aeruginosa APS reductase can also form a non-covalent complex
with E. coli thioredoxin and with C. reinhardtii thioredoxin h1. Perturbation of the resonance Raman and visible-region absorbance spectra of the
APS reductase [4Fe–4S] center by either APS or the competitive inhibitor 5V-AMP indicates that both the substrate and product bind in close
proximity to the cluster. These results have been interpreted in terms of a scheme in which one of the redox-active cysteine residues serves as the
initial reductant for APS bound at or in close proximity to the [4Fe–4S] cluster.
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reductase; CNBr, cyanogen bromide; DTNB, 5,5V-dithiobis(2-nitrobenzoic
acid); DTT, dithiothreitol; GRX, glutaredoxin; IPTG, isopropyl-h-d-thioga-
lactopyranoside; MALDI-TOF, Matrix-Assisted Laser Desorption Ionization-
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The assimilation of sulfate into cysteine is a hallmark of
aerobic bacteria, archaea, and photosynthetic eukaryotes. The
process requires the conversion of +6 sulfur to 2 sulfur, a
reduction that requires 8 electrons. In all cases sulfate is first
activated by ATP sulfurylase to 5V-adenylylsulfate (APS). In
some species APS is modified by phosphorylation at the 3V
position to produce 3V-phospho-5V-adenylylsulfate (PAPS). The
sulfur in APS or PAPS is then reduced in two steps to sulfide.
The first step adds two electrons and the second step, catalyzed
by sulfite reductase, adds 6 electrons. The two-electron transfer
step is catalyzed in different species by significantly diverged,
but related, enzymes referred to as APS or PAPS reductases.1710 (2005) 103 – 112
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gene, was the first member of this group of enzymes to be
studied and remains the most extensively characterized enzyme
in the group. E. coli CysH uses PAPS exclusively, does not
catalyze APS reduction and does not contain any prosthetic
groups. The protein has a single cysteine at the active site and
relies on thioredoxin (TRX) or glutaredoxin (GRX) as an
electron donor [1,2]. Until recently it was thought that most
sulfate assimilating organisms use the PAPS reductase pathway
for sulfate assimilation, but this hypothesis has recently been
modified [3]. It is now clear that PAPS reductases have only a
limited taxonomic range and most sulfate assimilators use an
APS-dependent reductase for assimilatory sulfate reduction.
In addition to the difference in substrate specificity, APS
and PAPS reductases differ in prosthetic group and cysteine
contents. APS reductases contain a [4Fe–4S] center and four
conserved cysteine residues that are not present in the PAPS
reductases. Three of these cysteines serve as ligands for the
[4Fe–4S] cluster [3–5]. The [4Fe–4S] cluster of APS
reductase has been proposed to be a structural determinant of
the specificity for APS over PAPS, although the form of the
enzyme found in Bacillus subtilis (BsAPR) is able to catalyze
reduction of both APS and PAPS despite having a [4Fe–4S]
cluster and its three conserved cysteine ligands [4].
The APS reductases are classified as belonging to one of two
types: one that utilizes reduced TRX as an electron donor [6–9];
and another that is specific for reduced glutathione as an electron
donor [10]. The glutathione-dependence of the later enzyme can
be explained by its structure, which includes two domains, a
reductase domain and a TRX/GRX-like domain [10–12].
The catalytic mechanism(s) of APS and PAPS reductases
have not yet been clearly elucidated. More is known about
PAPS reductase, for which kinetic data is consistent with the
operation of a Ping-Pong mechanism. It was proposed that the
single cysteine residue of PAPS reductase, present in a
(KRT)ECG(LI)H motif, functions as the acceptor of electrons
from reduced TRX. The catalytic cycle begins with a homo-
dimeric, oxidized form of PAPS reductase linked by a disulfide
bridge. Reduced TRX reduces the disulfide bridge, producing
two cysteine thiols. One thiol binds PAPS, reducing the sulfur
of the substrate to a thiosulfonate, with the second thiol
completing the two-electron transfer to produce sulfite and
regenerate the disulfide-linked oxidized form of the enzymeFig. 1. A scheme for the catalytic cycle of PaAPR. The angular bra[1]. The APS reductase from Pseudomonas aeruginosa
(PaAPR) also exhibits Ping-Pong kinetics with respect to
TRX and APS [7]. Unlike the case for PAPS reductase, the
entry of reducing equivalents into oxidized PaAPR appears to
involve the reduction of an intramolecular disulfide, formed
between Cys140 and Cys256, the two cysteines that are not
ligands to the [4Fe–4S] cluster [5]. Both Cys256, which
corresponds to the active site cysteine of PAPS reductase, and
Cys140, which is conserved among APS reductases, appear to
be essential for the enzymatic activity of PaAPR [5].
The question of how APS reductases that use reduced TRX
as an electron donor interact with this substrate has not been
studied in detail. However, it is known that the reduction of
protein disulfides to dithiols in reactions utilizing reduced
thioredoxins as the electron donor generally involves a
transient, mixed-disulfide between one cysteine of the target
protein and the TRX active-site cysteine closest to the N-
terminus [13–15,17]. The reaction is completed when the thiol
group of the second cysteine in the TRX active site makes a
nucleophilic attack on the disulfide, producing a dithiol on the
enzyme and a disulfide on TRX. It was thus of interest to
examine whether a similar disulfide-linked intermolecular
intermediate is formed during the reaction between PaAPR
and TRX.
Given our previous demonstration that the [4Fe–4S] cluster
present in PaAPR is not redox-active [5], and faced with
formulating a role for the cluster, we have devised a scheme
(see Fig. 1) that proposes that the [4Fe–4S] cluster serves to
bind APS (and its competitive inhibitor 5V-AMP) and that all of
the redox-related functions of the enzyme involve only the
redox-active dithiol/disulfide couple. Evidence has been
obtained, consistent with the mechanism of Fig. 1, for the
formation of a mixed disulfide between PaAPR and two
thioredoxins that serve as effective electron donors for the
PaAPR-catalyzed reduction of APS, E. coli TRX and TRX h1
from the green alga Chlamydomonas reinhardtii and these
intermediates have been characterized. Evidence has been
obtained, also consistent with the scheme shown in Fig. 1, that
the [4Fe–4S] cluster present in PaAPR may play a role in
anchoring or activating the substrate for thiol-mediated
reduction rather than having a direct role in electron transfer
per se.cket represents PaAPR and the curved bracket represents TRX.
Fig. 2. Cross-linking experiments between PaAPR and the E. coli TRX C35A.
Proteins present were: (1) WT PaAPR; (2) WT PaAPR and E. coli TRX C35A;
(3) C256S PaAPR; (4) C256S PaAPR and E. coli TRX C35A. The PaAPR/
TRX adducts were prepared by incubating PaAPR and E. coli TRX C35A, at
1:3 molar ratio, in 100 mM Tris–HCl buffer (pH 8.0). All lanes are SDS-PAGE
experiments run under non-reducing conditions and were stained with
Coomassie Brilliant Blue. Only the region of the gel that contained PaAPR
and its cross-linked adduct with E. coli TRX C35A is shown.
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The pET30b–PaAPR construct [7] was used as template for site-directed
mutagenesis. Mutations were produced with the Quickchange Kit (Stratagene)
according to the manufacturer’s instructions. Wild-type (WT) PaAPR and all
five of its Cys/Ser site-specific variants were expressed in the E. coli strain
BL21(DE3)pLysS as described previously [5]. When the culture, grown in the
presence of 50 Ag/mL kanamycin and 34 Ag/mL chloramphenicol, reached an
absorbance at 600 nm of 0.6, expression was induced by adding isopropyl-h-d-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were
harvested by centrifugation (2400g for 10 min at 4 -C) 3–4 h after IPTG
addition. The purification of the His-tagged PaAPR was carried out using a
Ni2+ affinity column (HiTrap Chelating HP, obtained from Amersham
Biosciences) incorporated into a BioCAD perfusion chromatography system
(PerSeptive BioSciences) under a He atmosphere as described previously [5].
Purified WT PaAPR and its site-specific Cys/Ser variants were stored at 80
-C in 30 mM Tris–HCl buffer (pH 8.0) containing 100 mM sodium sulfate,
after buffer exchange. In the case of the C140S variant, 10 mM 2-
mercaptoethanol was added to the storage buffer to minimize loss of the less
stable iron–sulfur cluster in this variant [5].
Steady-state APS reductase activity was assayed as described previously
[5], using a modification of the procedure of Bick et al. [7] with dithiothreitol
(DTT)-reduced TRX as the electron donor (DTT by itself is a weak electron
donor for the enzyme). The extinction coefficients for the WT enzyme, 15.4
mM1 cm1 at 385 nm and 87.4 mM1 cm1 at 280 nm, were determined by
measuring the absorbance spectrum of a sample of the enzyme and for which
the thiol content had been measured, after complete removal of the iron–sulfur
cluster, using DTNB (5,5V-dithiobis(2-nitrobenzoic acid)) and assuming the
presence of 5 cysteine residues per PaAPR [5].
The C39S variant of TRX h1 from the green alga C. reinhardtii
(TRXh1C39S) was prepared as described previously [15]. The C35A variant
of E. coli TRX (TRX C35A) was prepared as described previously [17], using a
plasmid supplied by Dr. H. Jane Dyson (The Scripps Research Institute, La
Jolla, CA). The disulfide-linked PaAPR/TRX heterodimers were obtained by
incubating PaAPR (the amount of the enzyme was 10–30 Ag) with either
TRXh1C39S or TRX C35A, at a 3:1 molar ratio of TRX:PaAPR, in 100 mM
Tris–HCl (pH 8.0) for 2–4 h at room temperature. Non-reducing SDS-PAGE
was employed to identify the disulfide-linked PaAPR/TRX heterodimers.
Western blot analysis of the disulfide-linked complex between PaAPR and
TRX h1C39S was carried out using antibodies against either the enzyme [18]
or TRX, using the following procedure. Electrophoresis of the samples was
carried out using a Bio-Rad Mini Protein II system with a 10%–20% Tris/HCl-
Ready Gel and buffers containing SDS. The gels were blotted onto PVDF
membranes (Immobilon from Millipore), which were placed in methanol for 10
seconds, rinsed 2–3 times with PBS (phosphate-buffered saline: 0.8% (w/v)
NaCl and 0.2% (w/v) KCl in 10 mM phosphate, pH 7.4), followed by 20 mL
PBS with 5% (w/v) nonfat dried milk and 0.01% antifoam A for 4 h at room
temperature. The blot was incubated overnight at 4 -C with the antibody
(diluted 1:10,000) against either the enzyme or the TRX in the incubation
buffer (1% (w/v) BSA in PBST). The primary antibody was drained and the
blot rinsed with PBST (0.1% Tween in PBS) five times. The secondary
antibody (peroxidase-conjugated anti-rabbit IgG obtained from Sigma) was
applied in the incubation buffer at a concentration of 1:10,000. The blots were
washed five times with PBST before the visualization. All washes and
incubations were performed using an orbital shaker. The blots were placed, in
the dark, in 5 mL of methanol with 15 mg 4-chloro-1-naphthol, immediately
followed by addition of 25 mL of NH buffer (100 mM HEPES, pH 7.4, with
0.9% (w/v) NaCl). H2O2 (50 AL of a 30% (v/v) stock solution) was then added
and, after allowing 20 min for the color to develop, the membrane was washed
with distilled H2O.
Oxidation– reduction titrations of the disulfide-linked WT PaAPR/C.
reinhardtii TRX h hetero-dimer were carried out by incubating the adduct at
defined ambient redox potential (Eh) values, obtained using mixtures of
oxidized and reduced DTT [19,20], followed by analysis of the mixtures by
non-reducing polyacrylamide gel electrophoresis (PAGE) in the presence of
sodium dodecyl sulfate (SDS) on a 10%–20% (w/v) gradient gel (BioRad).
This SDS-PAGE system gives excellent separation of the disulfide-linked
hetero-dimer from both free PaAPR and TRX h1C39S. Redox-equilibration,prior to SDS-PAGE analysis, was accomplished by incubating the samples in
100 mM HEPES buffer (pH 7.0) containing DTT at a total concentration (i.e.,
the sum of the concentrations of oxidized and reduced DTT) of 5 mM at room
temperature for 4 h. The intensity of the Coomassie Blue staining bands was
quantitated using a Molecular Dynamics 300B scanning densitometer. Plots of
normalized intensity vs. Eh value were obtained by fitting the data to the n =2
Nernst equation. The normalized intensity is based on a scale in which the
densitometer reading for the Coomassie-stained band attributed to the complex
measured at the most positive Eh value (i.e., the value used to define the 100%
oxidized level) is defined as zero, and the densitometer intensity at the most
negative Eh value (i.e., the value used to define the 100% reduced level) is
defined as 1.0.
Cyanogen bromide (CNBr) digestion reactions were performed as described
by Matsudaria [21]. Reaction mixtures containing 30 Ag of protein(s) were
suspended in 70% formic acid and the reaction was initiated by the addition of
30 AL of 5 M CNBr (in acetonitrile). After incubation in the dark at room
temperature for 2 h, the reaction was terminated by the addition of 1.0 mL of
distilled H2O, followed by immediate lyophilization. The lyophilized peptides
were resuspended in 10 AL of 0.1% TFA and impurities were removed using a
C4 ziptip (Milipore). Molecular masses were measured by MALDI-TOF
(Matrix-Assisted Laser Desorption Ionization-Time Of Flight) mass spectrom-
etry as described previously [5].
Formation of non-covalent complexes between C256S PaAPR and either
oxidized TRX or a mono-cysteine TRX variant was monitored using the
changes in absorbance in the visible region of the spectrum that occurred when
the proteins were mixed. Changes in absorbance were measured at 1.0 nm
spectral resolution, using a Shimadzu Model UV-2401 PC spectrophotometer,
as described previously for other protein/protein complexes [22]. Formation of
complexes between wild-type PaAPR and either APS or 5V-AMP were
monitored in a similar fashion. Difference spectra of the complex minus the
sums of the spectra of the components of the complexes were obtained by
computer subtraction as described previously [22].
Resonance Raman spectra of the [4Fe–4S] cluster in the presence of APS
were obtained as described previously for spectra obtained in the absence of
APS and AMP [5].
3. Results
It was of considerable interest to determine whether the
PaAPR-catalyzed reduction of APS by TRX involves the
formation of a transient disulfide-linked complex between the
two proteins as a reaction intermediate. It has been shown, in
the case of other TRX-dependent reactions, that these inter-
mediates can be stabilized and trapped using TRX variants in
which the TRX active-site cysteine closest to the C-terminus
has been replaced by site-directed mutagenesis, preventing the
second nucleophilic attack that converts the intermediate to
products [13–17]. The non-reducing SDS-PAGE data shown
in Fig. 2 demonstrate that incubation of WT PaAPR with the
C35A variant of E. coli thioredoxin (TRX C35A) yields a
product, detectable by Coomassie Blue staining after non-
Fig. 3. Western blots of the cross-linked adduct of PaAPR and TRX h1C39S.
Lanes 1 and 2 were stained with Coomassie Brilliant Blue; Lanes 3 and 4 are
Western blots using antibodies against PaAPR; and Lanes 5 and 6 are
Western blots using antibodies against C. reinhardtii TRX h1. Proteins
present were: (1) WT PaAPR; (2) WT PaAPR and TRX h1C39S; (3) PaAPR;
(4) PaAPR and TRX h1C39S; (5)PaAPR; (6) PaAPR and TRX h1C39S. All
lanes are SDS-PAGE experiments run under non-reducing conditions. Only
the region of the gel that contained PaAPR and its cross-linked adduct with
TRX h1C39S is shown.
Fig. 4. Determination of the oxidation– reduction midpoint potential of the
PaAPR/TRX h1C39S adduct. (a) Samples of the disulfide-linked PaAPR/TRX
adduct were incubated in 100 mM Tris–HCl, pH 8.0, containing mixtures o
oxidized and reduced DTT of defined redox potentials (the total DTT
concentration was 5 mM). After 4 h, samples were separated by a non
reducing SDS-PAGE on a 10%–20% (w/v) gradient gel. The positions labeled
(1), and (2) on the gels correspond to the molecular masses the disulfide-linked
PaAPR/TRX h1C39S adduct and monomeric PaAPR, respectively. (b) The
intensities of the band corresponding to the PaAPR/TRX h1C39S adduct (i.e.
Band 1) were plotted against the Eh value of the sample and fitted to the Nerns
Equation for a two-electron process (as Eh becomes more negative reductive
cleavage of the disulfide-linked PaAPR/TRX h1C39S adduct becomes more
favored and so the intensity of Band 1 decreases).
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kDa) consistent with that expected for a 1:1 adduct of the two
proteins. Fig. 2 shows only the portion of the gel that contains
peptides with molecular masses in the range of PaAPR itself
and its adduct with thioredoxin (the fact that PaAPR appears as
Coomassie-staining doublet arises from the presence of a
proteolysis product—Ref. [5]). Additional Coomassie-staining
bands are present at both higher and lower molecular masses
(not shown) and their molecular masses indicate that they are
likely to arise from formation of small and variable amounts of
both PaAPR and TRX homodimers.
The Coomassie-stained gels of Lanes 1 and 2 of Fig. 3 show
that a PaARP/thioredoxin adduct, similar to that obtained with
TRX C35A, could be obtained with a monocysteine variant of
TRX h1 from the green alga C. reinhardtii (TRX h1C39S).
The wild-type C. reinhardtii thioredoxin h1 serves as an
electron donor for PaAPR with a specific activity of 2.7T0.4
Amol min1 mg1 protein (compared to the value of 8.6T1.0
Amol min1 mg1 measured using E. coli TRX as the electron
donor) and a Km of 67T6 AM (compared to the value of 19.7
AMmeasured for E. coli TRX). Western blots, using polyclonal
rabbit antibodies raised against either WT PaAPR or C.
reinhardtii TRX h, confirmed the presence of both proteins
in the adduct (Fig. 3). Fig. 3 shows only the portion of the gels
that correspond in molecular mass to the region containing
PaAPR and its cross-linked adduct with thioredoxin. However,
as was the case described above for C35A E. coli TRX, small
and variable amounts of disulfide-linked homo-dimers of
PaAPR and of C. reinhardtii TRX h1 could be detected. In
the case of both the PaAPR/TRX C35A adduct shown in Fig. 2
and the PaAPR/TRX h1C39S adduct shown in Fig. 3,
incubation with reduced DTT prior to SDS-PAGE resulted in
complete elimination of the Coomassie-staining band that
corresponds to the adduct (not shown), consistent with the
involvement of a disulfide bond in linking the two proteins
together in the adduct. Pre-incubation with reduced DTT prior
to SDS-PAGE also eliminated the Coomassie Blue-staining
bands that likely arise from the formation of PaAPR homo-
dimers and thioredoxin homo-dimers.
The oxidation-reduction midpoint potential values of the
Cys140/Cys256 disulfide/dithiol couple in wild-type PaAPR
(Em=300 mV at pH 7.0) and of the disulfide/dithiol couples
in both E. coli TRX (Em=275 mV at pH 7.0) and C.
reinhardtii TRX h1 (Em=290 mV at pH 7.0) are all known[5,19,20]. It was thus of interest to see if the Em value for the
disulfide-linked adduct formed between PaAPR and TRX
could be measured to establish the thermodynamic redox
properties of this intermediate. Fig. 4a shows the results of an
experiment in which aliquots of the disulfide-linked adduct of
PaAPR and C. reinhardtii TRX h1 were incubated at defined
ambient potentials (Eh) and the amount of adduct measured
using a densitometer to quantitate the intensity of the
Coomassie-staining SDS-PAGE band that corresponds to the
disulfide-linked hetero-dimer (i.e., Band 1). The data gave a
good fit to the Nernst Equation for a single n =2 component
with an Em value of 280T10 mV (Fig. 4b).
Having established that PaAPR and TRX react to form a
disulfide-linked covalent complex and having measured the Em
for the disulfide that links the two proteins in this adduct, the
next logical step was to determine which of the PaAPR
cysteines reacts with TRX. We had previously demonstrated
that three of the five cysteines present in wild-type PaAPR, i.e.,
Cys139, Cys228 and Cys231, serve as ligands to the [4Fe–4S]
cluster and that the other two cysteines, i.e., Cys140 and
Cys256, form a redox-active disulfide/dithiol couple [5]. The
identity of the PaAPR cysteine that reacts with TRX could be
investigated by examining the abilities of site-specific Cys/Ser
variants of PaAPR to form adducts with TRX. Before making
those measurements, it was important to first determine thef
-
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Table 1 summarizes the activities of WT PaAPR and its five C/
S variants, measured with reduced E. coli TRX serving as the
electron-donating substrate. The C139S, C228S, C231S and
C256S variants all showed no detectable activity. Although
activity could be detected with the C140S variant, it is so low
(only ca. 3% of the activity displayed by WT enzyme) that we
concluded that the [4Fe–4S] cluster and the two redox-active
cysteines are all essential for enzymatic activity.
We previously demonstrated that the [4Fe–4S] cluster in
C140S PaAPR is unstable in the absence of 2-mercaptoethanol
[5]. As 2-mercaptoethanol would reductively cleave any
PaAPR/TRX disulfide-linked adduct, the C140S variant could
not be used in any cross-linking experiments and only the
C256S variant could be tested. Fig. 2 shows that, in contrast to
the results obtained with WT PaAPR, no detectable disulfide-
linked adduct is formed when the C256S variant of PaAPR is
incubated with the mono-cysteine C35A variant of E. coli
TRX. The C256S variant of PaAPR formed very little
(estimated from densitometry to be 7% of the amount
obtained with WT enzyme) adduct when incubated with the
C39S variant of C. reinhardtii TRX h1 (not shown). Thus, it
seemed highly likely that Cys256 is the PaAPR residue
involved in the initial nucleophilic attack by TRX during the
catalytic cycle. It should also be mentioned that, even though
small amounts of a disulfide-linked homo-dimer of PaAPR can
be observed in some preparations (the amounts are so small
that they are probably not of physiological significance), the
C256 variant did not form any detectable amount of homo-
dimer. This observation, coupled with the finding that the small
amounts of homo-dimer form of wild type PaAPR seen in
some preparations are reductively cleaved by DTT, indicates
that Cys256 is also the residue involved in formation of the
homo-dimer.
Analysis of cyanogen bromide (CNBr) digests of the
disulfide-linked adduct of wild-type PaAPR and TRX
h1C39S by mass spectrometry (MALDI-TOF) was carried
out in an attempt to provide additional evidence that could
serve to identify which specific PaAPR cysteine is involved in
the cross-linking reaction (digestions with trypsin and Arg-C
endoprotease were also carried out but CNBr treatment
produced a more readily interpretable series of fragments).
Given the fact that Cys139, Cys228 and Cys231 serve as
ligands to the [4Fe–4S] cluster [5], the PaAPR cysteine
involved in forming a disulfide with TRX h1C39S must beTable 1
Activity of wild type and Cys/Ser mutants of PaAPR
Protein Activity
Wild type 10.3
C139S Not detectable
C140S 0.302
C228S Not detectable
C231S Not detectable
C256S Not detectable
Enzyme specific activity is given in Amol min1 mg1 protein. APS reductase
activity was measured at 30 -C in 100 mM Tris–HCl buffer (pH 8.0),
containing 1 mM EDTA, 5 mM DTT, 106 AM E. coli trx, and 50 AM [35S]APS.either Cys140 or, as suggested by the mutagenesis data
described above, Cys256. If Cys140 is the site for intermolec-
ular disulfide formation, then one can predict from the
sequences of the proteins that a peptide of mass 20129.2 Da
([M+H]+) would be found after CNBr-cleavage of the cross-
linked adduct. In contrast, if Cys256 is the site for intermo-
lecular disulfide formation, then one can predict from the
sequences of the proteins that a peptide of mass 10938.5 Da
([M+H]+) would be found after CNBr-cleavage of the cross-
linked adduct.
Table 2 which shows comparisons between observed and
calculated masses of CNBr-fragments, documents that all of
the cysteine-containing peptides could be identified in the
MALDI-TOF spectrum. Three peaks are present in the
spectrum of the adduct formed between wild-type PaAPR
and TRX h1C39S (Fig. 5a) that are not seen in the spectra of
the individual proteins. Two of these (i.e., those of mass 6635.3
and 8019.2 Da) can be assigned as [M+H]+ components of
PaAPR itself. Although it has not been unambiguously proven,
one possible explanation for the presence of these two
components, which are not seen in spectra of free PaAPR
(Fig. 5b), is that cross-linking to TRX makes at least two
methionine-containing sites on PaAPR become more accessi-
ble to CNBr than is the case in PaAPR alone. The third peak
with a mass of 10948.3 Da has been assigned to a PaAPR
peptide containing Cys228, Cys231 and Cys256 that is linked,
via a disulfide bond, to a peptide derived from TRX h1C39S.
The mass calculated for a disulfide-linked species composed of
the PaAPR fragment containing amino acids 211 through 267
coupled to the TRX fragment containing amino acids 1 through
41, after taking into account the modification of the methionine
residues at the CNBr cleavage sites, is 10938.5 Da, in
reasonable agreement with the measured value of 10948.3 Da
considering the experimental uncertainties in mass for peptides
of this size. Although there is a difference of 9.8 Da between
the predicted and observed masses, this difference is smaller by
almost 3 orders of magnitude, than the 9190.7 Da difference
between the observed value and the 20129.2 Da mass predicted
if Cys140 of PaAPR is the site of thioredoxin attachment. No
component with a mass of 20129.2 Da was detected in the
MALDI-TOF mass spectra, arguing against any role for
Cys140 in disulfide bond formation with TRX.
It should also be noted that the intense peak ([M+H]+,
7979.0 Da) seen in the spectrum of free PaAPR (Fig. 3b), is
absent in the spectrum of the cross-linked adduct (Fig. 5a). This
peak has been assigned to the PaAPR peptide containing amino
acids 200 through 267. This peptide contains Cys228, Cys231
and Cys256 and has a calculated mass of 7982.0 Da. The peak
seen in the spectrum of the cross-linked adduct with a mass of
8019.2 Da can be assigned to a cross-linked fragment with a
calculated mass of 8009.8 Da containing amino acids 2
through 72 (The residue numbers are based on WT, native
PaAPR protein. The PaAPR sample used in this study is a
recombinant protein, with 48 extra additional residues contain-
ing the (His)6 tag attached to the N-terminus of the native
protein. The amino acids in the N-terminal extension are
designated with negative numbers and the amino acids
Table 2
MALDI-TOF MS of the mixture of PaAPR, TRX h1C39S, their cross-linked
adduct
Observed
mass (Da)
Residues Expected
mass (Da)
PaAPR TRX
(C39S)
Crosslinked
products
4328.4 1–41 4325.0
6635.3 211–267a 6614.5
7344.9 42–112 7343.5
8019.2 2–72a 8009.8b
8654.6 2 x (1–41) of
Trx (C39S)
8649.0
10948.3 (211–267)
of PaAPR + (1–41)
of Trx (C39S)
10938.5
15817.5 73–210a 15805.2b
a The residue numbers are based on WT, native PaAPR protein. The PaAPR
sample actually used is a recombinant protein, with 48 extra additional residues
containing the (His)6 tag, and amino acids in this N-terminal extension are
designated using negative numbers.
b The expected mass was calculated to include the oxidation of methonine.
S.-K. Kim et al. / Biochimica et Biophysica Acta 1710 (2005) 103–112108numbered from 2 through 1 are Ala–Ile–Ser–Asp.). A
15,777.5 Da fragment, seen in the spectrum of free PaAPR
(Fig. 5b) has been assigned to a peptide that runs from amino
acid 73 through amino acid 210, containing both Cys139 and
Cys140 and with a calculated mass of 15,789.2 Da. A similarFig. 5. MALDI-TOF analysis of fragments of the PaAPR, TRX h1C39S and the c
linking reaction between WT PaAPR and TRX h1C39S. (b) WT PaAPR alone. Thfragment, with a mass slightly shifted because of methionine
oxidation, can also be seen in the spectrum of the disulfide-
linked adduct. These data are consistent with the idea that
neither Cys139 nor Cys140 contributes to the disulfide that
links PaAPR and TRX. As Cys228 and Cys231 of PaAPR both
serve as ligands to the enzyme’s [4Fe–4S] cluster, the mass
spectrometry data allows one to identify Cys256 as the residue
involved in forming the disulfide-linked intermediate with
TRX. Thus the mass spectrometry and site-directed mutagen-
esis data both point to the same residue, i.e., Cys256, as the site
for nucleophilic attack by the TRX cysteine.
Before TRX can form a mixed-disulfide adduct with
PaAPR, the two proteins must first dock to form a non-
covalent complex. In an attempt to detect and characterize this
type of complex, we have utilized a spectral perturbation
technique designed to monitor protein/protein complex forma-
tion. The true substrate for oxidized PaAPR is reduced TRX.
However, it is not possible to study binding of reduced TRX to
PaAPR using spectral perturbations, independently of any
other reaction, because binding would be followed by
reduction of the enzyme. As it has been shown that a
cysteine/serine variant of E. coli TRX has a conformation
very similar to that of reduced TRX [23], the binding
experiments could be carried out using such variants to mimic
the conformation of the reduced TRXs. However, as theseross-linked adduct of the two proteins. (a) The reaction mixture from a cross-
e samples were digested with CNBr at room temperature for 1 h.
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with WT PaAPR (see above), it was necessary to use C256S
PaAPR for the binding experiments instead of wild-type
enzyme (as shown above, this Cys/Ser PaAPR variant forms
very little disulfide-linked adduct with mono-cysteine TRX
variants). Another advantage of this experimental system is that
it also allows comparison of the binding affinities of the
enzyme for oxidized WT TRXs and their mono-cysteine
variants.
Mixing C256S PaAPR with the oxidized form of either WT
E. coli TRX or C. reinhardtii TRX h1 or with mono-cysteine
variants of the two TRXs produced spectral changes in the
visible region that are consistent with complex formation
between the enzyme and TRX (the spectral changes all occur in
the region where the [4Fe–4S] cluster of the enzyme absorbs).
Fig. 6a shows the difference spectrum that arises from mixing
C256S PaAPR with oxidized WT E. coli TRX (i.e., the
spectrum shown is the spectrum of the mixture minus the sum
of the spectra of the two individual proteins). The magnitude of
the decrease in absorbance shown in Fig. 6a is, as expected,
proportional to the amount of enzyme present (data not shown).
Fig. 6b shows a double reciprocal plot of the magnitude of this
absorbance decrease as a function of the concentration of E.Fig. 6. (a) The difference spectrum resulting from complex formation between
C256S PaAPR and WT E. coli TRX. PaAPR C256S and E. coli WT TRX were
present at concentrations of 10.0 AM and 8.0 AM, respectively, in 200 mM
potassium phosphate buffer (pH 7.5) containing 100 mM imidazole. The
optical pathlength was 1.0 cm. (b) Double reciprocal plot of the absorbances
changes arising from complex formation between PaAPR C256S and E. coli
WT TRX. The concentration of C256S was 10.0 AM. The concentration of E.
coli TRX was varied as indicated.coli TRX, at a fixed concentration of C256S PaAPR. The data
are consistent with a single, non-cooperative binding process
with a Kd=40 AM. A similar difference spectrum and a similar
double-reciprocal plot were obtained using TRX C35A with a
Kd=45 AM (see Table 3). Binding of C256S to oxidized WT C.
reinhardtii TRX h1 and to its mono-cysteine variant produced
similar difference spectra and double reciprocal plots to those
shown in Fig. 6a and b (not shown), with Kd values of 55 and
70 AM for the oxidized WT TRX and TRX h1C39S,
respectively (see Table 3). Spectral changes similar to those
shown in Fig. 6a were also obtained when either wild-type
oxidized E. coli TRX or C. reinhardtii TRX h1 with wild-type
PaAPR, indicating that the wild-type enzyme is capable of
forming non-covalent complexes with these two thioredoxins.
In control experiments designed to test the specificity of the
spectral perturbation assay, no spectral changes were detected
when TRX was replaced by bovine serum albumin.
If, as shown in the proposed mechanism of Fig. 1, all of the
thioredoxin-linked redox chemistry that occurs during the
catalytic cycle of the reaction catalyzed by PaAPR is confined
to the redox-active disulfide, one could imagine that the role of
the [4Fe–4S] cluster (which the mutagenesis experiments
summarized in Table 1 suggest is essential for activity) is to
bind and possibly activate the substrate. The resonance Raman
spectrum of the [4Fe–4S]2+ center in PaAPR in the Fe–S
stretching region provides a sensitive monitor of the cluster
environment and has been assigned based on analogy with
aconitase [5], which also contains a [4Fe–4S]2+ cluster ligated
by only three cysteine residues. Fig. 7 shows that the addition
of either a 20-fold stoichiometric excess of APS or 5V-AMP to
the enzyme produces significant changes in the resonance
Raman spectrum. The changes are more pronounced for AMP,
which has been reported to be a competitive inhibitor with
respect to APS [7], than for APS and primarily involve
increased enhancement of predominantly Fe–S(Cys) stretching
modes centered near 355 and 369 cm1, relative to the
predominantly Fe–S(bridging) stretching modes. While the
absence of pronounced frequency shifts argues against tight
binding of APS and AMP at the non-cysteinyl-ligated Fe site,
the spectral perturbations are consistent with substrate binding
in close proximity to the cluster. The data of Fig. 7 were
obtained using a sample of PaAPR in which the Cys140/
Cys256 disulfide had been pre-reduced by DTT. Essentially
identical spectra were obtained using PaAPR samples that had
not been treated with DTT (for unknown reasons, the
signal:noise ratio of these spectra are considerably higher for
the DTT-treated samples).
Addition of APS also produced changes in the visible-
region absorbance spectrum of PaAPR, where the [4Fe–4S]
cluster is the only absorbing chromophore present in the
enzyme (Fig. 8). Addition of 5V-AMP produced a difference
spectrum very similar to that of Fig. 8 (not shown). It should be
mentioned that these spectral perturbations produced by the
addition of APS were measured using samples of wild-type
PaARP that were treated so that Cys140 and Cys256 were
completely in the disulfide form, to minimize the possibility
that the spectral changes resulted from covalent modification of
Fig. 8. The difference spectrum resulting from complex formation between
PaAPR and APS. Oxidized wild-type PaAPR and APS were present at
concentrations of 10.0 AM and 22.0 AM, respectively, in 200 mM potassium
phosphate buffer (pH 7.5) containing 100 mM imidazole. The optical
pathlength was 1.0 cm.
Table 3
Kd values for complex formation between C256S PaAPR and thioredoxins
E. coli trx,
Oxidized WT
E. coli trx,
C35A
C. reinhardtii trx,
Oxidized WT
C. reinhardtii,
trx C39S
40 AM T 10 45 AM T 10 55 AM T 15 70 AM T 15
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should not be able to covalently modify the enzyme, produces
spectral perturbations that are essentially identical to those
produced by addition of APS reinforces the conclusion that
these spectral changes arise from non-covalent binding. These
perturbations in visible-region absorbance spectra, like the
effects on the resonance Raman spectrum produced by APS
and 5V-AMP, are consistent with the involvement of the cluster
in substrate binding.
4. Discussion
We have confirmed our earlier observation that all five of
the cysteine residues present in PaAPR, are essential for
activity of the protein, with two of the cysteine residues
(Cys140 and Cys256) functioning as a redox-active disulfide/
dithiol couple that is the site for entry of reducing equivalents
into the enzyme from its physiological electron donor, reduced
thioredoxin [5]. The other three cysteine residues (Cys139,
Cys228 and Cys231) are essential because they serve asFig. 7. The effect of APS and AMP on the resonance Raman spectrum of the
[4Fe–4S] center in PaAPR. (a) PaAPR; (b) PaAPR in the presence of a 20-fold
stoichiometric excess of APS; (c) PaAPR in the presence of a 20-fold
stoichiometric excess of AMP. The spectra were recorded at 17 K using 488.0-
nm excitation (200 mW of laser power at the sample), with samples containing
2 mM of both PaAPR and DTT. Each spectrum is the sum of 100 scans, with
each scan involving photon counting for 1 s at 1 cm1 increments with 8 cm1
spectral resolution. Bands originating from the frozen buffer solution have been
subtracted from each spectrum.ligands for the [4Fe–4S] cluster [5]. Although it is not
surprising that the cluster is required for activity, our earlier
failure to demonstrate that the cluster was redox-active left the
exact function of the cluster undefined. The observations that
both the substrate APS and its competitive inhibitor 5V-AMP
induce significant changes in both the absorbance spectrum in
the visible region and in the resonance Raman spectrum (Figs.
7 and 8) of PaAPR are consistent with the hypothesis that the
role of the cluster is to provide a binding site for the electron-
accepting substrate. Although it is possible that the spectral
perturbations produced by APS and AMP binding arise from
an indirect effect on the cluster microenvironment, we prefer
the simpler explanation that the cluster is essential for activity
because it facilitates substrate binding. Additional experiments
are necessary for definitive identification of the cluster as the
site of APS binding. If APS does bind directly to the cluster, it
may well be that this substrate binds to the unique non-
cysteinyl-ligated iron site of the cluster [5]. It is also possible
that the cluster plays a role in activating APS for subsequent
reductive cleavage.
We have demonstrated that PaAPR is able to form a non-
covalent complex with two different thioredoxins, E. coli
TRX and C. reinhardtii TRX h1, that can serve as electron
donors for the PaAPR-catalyzed reduction of APS. The
observation that the spectral perturbations diagnostic for the
formation of this complex can be observed in buffers of high
ionic strength is most readily explained by the hypothesis that
hydrophobic forces, which strengthen as the ionic strength
increases, play a significant role in stabilizing the complex.
There is some precedent, specifically for the complex formed
by pea chloroplast fructose-1,6-bisphosphatase and TRX [24],
for hydrophobic forces playing a role in stabilizing TRX/
enzyme complexes. As electrostatic interactions weaken as
the ionic strength increases, one might expect that such forces
do not make a major contribution to stabilizing the TRX/
PaAPR complexes observed at the high ionic strengths used
in this study. More detailed studies of the ionic strength
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laboratories.
It is of interest to point out that the binding affinities of the
enzyme for two oxidized WT TRXs do not differ, within the
experimental uncertainties of the combined measurements,
from those of the mono-cysteine variants of these TRXs. This
result is consistent with the observation that the conformation
of a cysteine/serine variant of E. coli TRX is very similar to
that of both the reduced and oxidized forms of the WT protein
[22,25].
We have also demonstrated that PaAPR is capable of
forming a stable disulfide-linked adduct with mono-cysteine
variants of both of these thioredoxins (Figs. 2 and 3), in what
presumably represent trapped forms of the normally transient
intermediates that are formed during the reduction of the
intramolecular disulfide found in the oxidized form of PaAPR
by reduced TRX during the enzyme’s catalytic cycle (Fig. 1).
We have measured the Em for the disulfide present in the
PaAPR/TRX complex and demonstrated that its value (i.e.,
280 mV at pH 7.0) is quite similar to those measured for
many thioredoxins from a number of prokaryotes and
eukaryotes [19,20] and for the Cys140/Cys256 disulfide/dithiol
couple present in wild-type PaAPR [5]. Although the Em
value(s) for thioredoxin(s) present in P. aeruginosa that
presumably serves as the in vivo electron donor(s) for PaAPR
is not known, the observation that the Em values measured for
the PaAPR system are similar to those of other well-
characterized thioredoxins suggests that the Em values of P.
aeruginosa thioredoxins, when measured, will fall into the
same range of values. If this is indeed the case, then the
equilibrium constant for the formation of the disulfide-linked,
heterodimeric intermediate is likely to be close to 1.0.
We have identified C256 as the PaAPR cysteine residue
involved in forming the PaAPR/TRX disulfide present in the
adduct formed between the two proteins. Cys256 is part of a
highly conserved ECGLH motif and the corresponding
cysteine in BsAPR, Cys239, has also been implicated in
mechanistically important disulfide/dithiol redox chemistry
during the catalytic cycle [4]. Thus, while one might have
predicted a similar role for Cys256 in PaAPR, the site-directed
mutagenesis and MALDI-TOF data presented above represent
the first actual data provided to document this aspect of the role
of Cys256 in PaAPR.
We propose that the resting state of PaAPR contains a
disulfide between Cys140 and Cys256 that is attacked by the
thiolate of the N-terminal cysteine of reduced TRX, resulting in
formation of the mixed disulfide intermediate. When the mixed
disulfide is formed with wild-type TRX, the TRX thiol closer
to the C-terminus makes a second nucleophilic attack, this time
on the mixed disulfide, producing a fully reduced PaAPR that
is competent for APS reduction (Fig. 1). When the attack is
with a mono-cysteine TRX variant, the normally transient
mixed disulfide intermediate is stabilized leading to the trapped
intermediate mixed disulfide.
As the manuscript was being prepared, an in press
manuscript containing a very different model for PaAPR [26]
came to our attention. The model proposed by Carroll et al.contains, among other features, a [4Fe–4S] cluster with four,
rather than three cysteinyl ligands, with only Cys256 among
the 5 cysteine residues present in the enzyme not serving as a
cluster ligand [26]. Carroll et al. have provided evidence that
Cys256 of the resting enzyme reacts with APS to form a
covalent thio-sulfonate adduct, releasing AMP, in a reaction
that does not involve thioredoxin. Reduced thioredoxin instead
reacts in a subsequent step, not with the resting form of the
enzyme, but with the thio-sulfonate adduct of PaAPR [26]. The
reaction scheme proposed by Carroll et al. for PaAPR
resembles, in so far as the formation of a thio-sulfonate
intermediate on incubation of an APS reductase with APS in
the absence of a thiol-containing reducing substrate is
concerned, a mechanistic scheme for the APR2 isoform of
the Arabidopsis thaliana APS reductase proposed by Weber et
al. [27]. Numerous additional experiments will be required to
test the relative merits of these two different models for the
mechanism of PaAPR. However, the observation that mono-
cysteine variants of thioredoxin can form disulfide-linked
adducts with unmodified PaAPR, in a reaction that does not
first require reaction of the enzyme with APS to form a thio-
sulfonate derivative of the enzyme, appears to be more
consistent with the model shown in Fig. 1 than with the more
recent model of Carroll et al.
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